Glutathione (GSH) oxidation and hexose monophosphate (HMP) shunt activity were compared in cord and adult erythrocytes (RBC) stressed with hydrogen peroxide (H 2 O 2 ). In the absence of glucose, GSH (micromoles per milliliter RBG) in cord erythrocytes decreased from 2.52 ± 0.20 (0 hr) to 1.37 ± 0.30 (2 hr) to 0.92 ± 0.22 (4 hr). Adult erythrocytes treated similarly manifested a GSH change from 2.23 db 0.17 (0 hr) to 1.06 ± 0.24 (2 hr) to 0.59 ± 0.35 (4 hr). The activity of HMP shunt (micromoles CO 2 /ml RBC/hr) in cord erythrocytes increased from a control rate of 0.081 ± 0.015 to 0.203 ± 0.52 when stressed with hydrogen peroxide. Erythrocytes from adults had a resting rate of 0.062 ± 0.014 that increased to 0.212 ± 0.045 when incubated with H 2 O 2 -Sodium ascorbate also was used as a peroxide-generating agent, and resulted in qualitatively similar responses as H 2 O 2 in both GSH oxidation and HMP shunt activity of neonatal and adult erythrocytes.
Introduction
an oxidative stress by generating hydrogen peroxide Erythrocytes from normal term neonates are considwithin erythrocytes [6] . RBC's from cord blood are parered to be more sensitive to oxidant stresses than are tiall Y deficient in glutathione peroxidase [9] and cataerythrocytes from adults [9] . This sensitivity is manilas e [H] activity, both of which are required for the fested by increased methemoglobin formation and detoxification of hydrogen peroxide. Gross [9] sugHeinz bodies when erythrocytes are stressed with oxigested that it is possible that decreased levels of glutadant drugs. It is thought that most oxidant drugs exert thione peroxidase may be partially responsible for the Decreased glutathione peroxidase in erythrocytes of neonates 901 increased oxidant sensitivity of normal erythrocytes from neonates, whereas Steinberg and Necheles [16] believe that hemolytic anemia due to partial glutathione peroxidase deficiency occurs. The present study determines the relative capacity of erythrocytes from neonates to contend with hydrogen peroxide. Glutathione (GSH) oxidation and the response of the hexose monophosphate (HMP) shunt to a peroxide stimulus is compared in erythrocytes from neonates and adults. We concluded from these studies that the relative deficiency of GSH-peroxidase activity in erythrocytes from neonates is probably not significant functionally. The increased oxidant sensitivity of erythrocytes from neonates must be due to other factors yet to be determined.
Methods

Preparation of Erythrocytes
Blood was obtained either from the cord of normal term infants at the time of delivery or from apparently healthy adults. Blood was collected in EDTA, refrigerated, and used within 48 hr of collection. We determined previously that refrigerated blood used within this period of time can be used with no loss of enzymatic activity or HMP shunt responsiveness. In pilot experiments heparin was used as the anticoagulant and showed no difference in results obtained with ethylenediaminetetraacetic acid (EDTA). Erythrocytes were separated from the plasma and buffy coat by centrifugation at 4°. Then erythrocytes were washed four times with a pH 7.4 phosphate-buffered salt solution (PBS) which contained 110 HIM NaCl, 4 HIM KH 2 PO 4 , and 20 HIM Na 2 HPO 4 . After the final wash, the cells were suspended to a hematocrit of 20% in PBS. The blood was then processed according to methods described for the specific experiment.
Hydrogen Peroxide Diffusion System
Suspensions of erythrocytes (4 ml) were placed in a 25-ml Erlenmeyer flask with a center well which contained 0.2 ml 30% H 2 O 2 as described previously by Cohen and Hochstein [4] . Hydrogen peroxide vapors diffuse from the center well into the incubation medium. The amount of H 2 O 2 reaching the main compartment was determined by trapping of H 2 O a with 2 N H 2 SO 4 at various time intervals, and then titration with 0.01 N KMnO 4 . This system delivers 4-5 /xmoles H 2 O 2 /hr over a 4-hr period. The concentration of peroxide delivered to 4 ml PBS was determined by acidifying with H 2 SO 4 before titration, and this value is similar to that delivered to H 2 SO 4 . When erythrocytes from adults were present in the PBS, acidification of incubation medium at 1, 2, and 4 hr indicated that H 2 O 2 concentration in the extracellular medium is 0.5, 1.0, and 1.8 mM.
Experimental Procedure
All incubations were performed in an Eberbach water-bath shaker at 37° and 100 oscillations/min. The suspensions were covered after exposure to room air. The effect of various metabolic alterations on stability of GSH in erythrocytes of infants and adults was determined. Cells were preincubated with or without glucose (10 mM) for 1 hr before the beginning of an experiment. Neutralized sodium cyanide [17] was used to inhibit catalase and was added 10 min before beginning an experiment to a final concentration of 10 mM. In some experiments 20 mM neutralized sodium ascorbate [18] was used as a peroxide stress instead of the H 2 O 2 diffusion flask. Reduced glutathione was measured according to the method of Beutler [3] . Glutathione peroxidase was assayed as described by Paglia and Valentine [14] , except that the assay was run at 25°.
Measurement of Hexose Monophosphate Shunt Activity
i Oxidation of glucose-l-H C to 14 CO 2 was used as an indicator of hexose monophosphate (HMP) shunt activity. Glucose-l- 14 C [19] was added to erythrocytes in PBS to a final concentration of 10 mM glucose and a specific activity for glucose of approximately 0.0015 p,C\ Iixxno\e glucose. The suspensions of erythrocytes were covered with rubber stoppers and allowed to incubate for 4 hr under the same incubation conditions as those described above. Radiolabeled CO 2 was liberated by the injection of 1 ml of 0.5 N H 2 SO 4 , and trapped in 0.2 ml hyamine hydroxide [20] contained in a plastic cup suspended from the rubber stopper. The deproteinized cell suspension was allowed to incubate for an additional 30 min. The plastic cups were then placed in liquid scintillation vials containing 10 ml counting fluid with the following composition: toluene (1000 ml), 2,5-diphenyloxazole (4 g), and 1,4-bis[2-(5-phenyloxazolyl)]benzene (0.1 g). The samples were cooled and counted for 10 min in a Packard Tri-Carb liquid scintillation spectrometer with a background of less than 20 cpm. Nonspecific formation of 14 CO 2 was determined by adding sulfuric acid to the suspension of RBC immediately after introduction of labeled glucose. The radioactivity in this sample was subtracted from all subsequent determinations. ± 0.23 (14) zfc 0.20 (16) ± 0.17 (19) zfc 0.17 (5) zfc 0.14 (5) zfc 0.17 (5) ± 0.14 (5) =b 0.31 (5) zfc 0.22 (5) =fc 0.31 (5) zfc 0.22 (5) /^moles/ml erythrocytes (6) zfc 0.30 (7) zfc 0.30 (16) ± 0.24 (19) zfc 0.24 (5) zfc 0.28 (5) zfc 0.24 (5) ± 0.16 (5) zfc 0.26 (5) ± 0.19 (5) ± 0.66 (5) ± 0.68 
Results
The activity of glutathione peroxidase in newborn red blood cells (6.6 ±1.6 EU/g Hb) was significantly less than the activity found in erythrocytes from adults (11.2 ± 2.5 EU/g Hb) as described previously [9] .
Washed cord and adult red blood cell suspensions were incubated with or without 10 HIM glucose for 4 hr in the hydrogen peroxide diffusion system. During this incubation there were no changes in hematocrit and no evidence of hemolysis. Glucose protected GSH in both preparations (Table I) . Without glucose, however, the cell suspensions were not able to maintain GSH in the presence of H 2 O 2 . Of particular interest was the observation that after 2 or 4 hr the amount of GSH oxidized in glucose-deprived cells was similar in cells of adults and infants. If GSH-peroxidase were rate limiting in this system, erythrocytes deficient in the enzyme would theoretically maintain GSH in the presence of a peroxide stress. When catalase was inhibited with 10 mM NaCN, GSH was stable in the presence of H 2 O 2 as long as glucose was present in the incubation medium. The GSH content of catalase-inhibited erythrocytes incubated without glucose decreased more than in H 2 O 2 stressed catalase-intact cells incubated without glucose. This observation demonstrates the magnitude of the peroxide stress and indicates that catalase also was utilized to detoxify H 2 O 2 in the diffusion system. The use of 20 mM sodium ascorbate produced qualitatively similar results to the H 2 O 2 diffusion system. In all of the experiments described above, there was no difference in GSH oxidation between cord and adult erythrocytes.
The resting level of hexosemonophosphate shunt activity of infant erythrocytes was slightly greater than in cells from adults (Table II) . Previous studies [13] with premature infants also indicated a more active resting HMP shunt in cord erythrocytes than in erythrocytes from adults. The effect of a peroxide stress on the HMP shunt is also presented in Table II . Ascorbate was used to generate H 2 O 2 intracellularly and thereby accelerate the HMP shunt. The marked increase in 14 CO 2 production over resting levels was of the same magnitude in red cells from both adults and neonates. The oxidation of glucose-l- 14 C in erythrocytes suspended in hydrogen peroxide diffusion flasks also was stimulated, although the response was less than that with ascorbate. Again, there was no difference in the amount of extra 14 CO 2 produced in stimulated erythrocytes from adults and from neonates.
Discussion
In the erythrocyte, glutathione metabolism and hydrogen peroxide degradation are integrally involved in regulating the HMP shunt pathway [10] (Fig. 1) . Hydrogen peroxide generated by oxidant drugs or endogenous oxidizing agents is detoxified mainly by GSH in a reaction thought to be mediated by GSH-peroxidase [5] . Catalase also participates in H 2 O 2 detoxification, but its role is considered to be less important quantitatively as long as GSH is intact [1] . Deficiencies of GSH-peroxidase are reported to be responsible for the increased oxidant sensitivity of erythrocytes from neonates [9] and hemolytic anemia in adults [7] .
Our data indicate that the decreased activity of [7] . Inasmuch as the GSSG formed during the reduction of dehydroascorbate is capable of stimulating the shunt pathway, the increased glucose-l- 14 C oxidation with ascorbate may not be entirely due to peroxidase-mediated oxidation of GSH. Although ascorbate caused a greater stimulation of the HMP shunt than H 2 O 2 vapors, there was no difference in either case in the amount of extra 14 CO 2 formed in stimulated red cells from cord blood and adults. Oski [13] demonstrated that the HMP shunts of erythrocytes from neonates and adults were stimulated to the same extent with methylene blue. It was also reported that variations in GSSG-reductase were not rate limiting for the HMP shunt of erythrocytes [15] . If GSHperoxidase were rate limiting, a slower rate of GSH oxidation and a lesser stimulation of the HMP shunt would have been anticipated in cells from cord blood.
There are several possible explanations for this discrepancy between functional cell data and the known decreased GSH-peroxidase activity in erythrocytes of newborns. The relatively decreased activity of this enzyme in erythrocytes from neonates may actually be an excess of what is needed to cope with the oxidant stresses in this study. Several enzymes, one of which is glutathione reductase [15] , function intracellularly at a fraction of their maximal activity. Conventional assays for enzyme activity done with ideal substrate concentrations in vitro may have little relation to the way in which an enzyme functions within the cell. The physiologic substrate concentration, spatial localization of enzyme, and other modulating intracellular factors are nonoperative during assays in vitro. In this respect, a functional test of the enzyme within the intact cell (i.e., HMP shunt response to a peroxide stress) actually is more relevant than an isolated assay for enzyme activity. Another explanation of our data may be related to the kinetic behavior of the enzyme, rather than the amount of available enzyme. Flohe and Brand [8] demonstrated that GSH-peroxidase activity manifested first order kinetics at GSH concentrations between 0.5-16 mM, and that there was no evidence of enzyme saturation with GSH. At physiologic GSH concentrations (2 mM), the rate of such a nonsaturable enzymatic process would be limited primarily by GSH rather than by enzyme availability. Although these observations are consistent with out data, further investigations are necessary since Paglia and Valentine [14] observed saturation kinetics, with a Michaelis constant (K m ) for GSH of approximately 10 mM. These latter studies suggest that both GSH and enzyme availability may be important under physiologic conditions. A significant amount of nonenzymatic GSH oxidation could also explain the similar rate of peroxidestimulated glucose-1-14 C oxidation in cord red cells and adults. That nonenzymatic oxidation of GSH occurs in vitro is a known phenomenon, and, in fact, is one of the limiting factors in the assay in vitro for GSH-peroxidase [14] . Baehner et al. [2] reported that erythro-cyte ghosts were capable of coupling GSH oxidation and H 2 O 2 degradation. This was a significant observation, inasmuch as erythrocyte ghosts presumably lack GSH-peroxidase [12] . Theoretically, inhibition of GSH-peroxidase in the presence of an oxidant stress could allow one to evaluate the role of nonenzymatic GSH oxidation. Unfortunately, known inhibitors of this enzyme also alter GSH and thereby make it difficult to separate the roles of substrate and enzyme.
Which of these proposed mechanisms is the correct explanation of our data remains to be ascertained. In any event, it is clear that that partial deficiency of GSH-peroxidase in erythrocytes from neonates is probably not related to the increased oxidant sensitivity of these cells. It must be emphasized that the coincidence of an enzyme deficiency and a clinical abnormality are not necessarily related. A case of hemolytic anemia in an adult with 50% normal GSH-peroxidase activity has been described by Steinberg and Necheles [16] . On the basis of our observations it is difficult to understand why the GSH-peroxidase in the erythrocytes of this individual should be less capable of handling a peroxide load. It would be interesting to know whether there is a more fundamental defect in these cells that results in hemolysis, and coincidentally manifests a decrease in GSH-peroxidase activity in vitro.
Summary
Our results indicate that a peroxide stress to partially GSH-peroxidase-deficient erythrocytes from neonates stimulates the hexosemonophosphate shunt to the same extent as to enzyme-replete erythrocytes from adults. These observations can be interpreted as follows. (1) There may be an excess of GSH-peroxidase activity in erythrocytes that is capable of coupling GSH oxidation and H 2 O 2 reduction. The difference in activity between neonatal and adult RBC's may merely indicate a difference of excesses. (2) Oxidation of GSH may occur via an enzyme that is not saturated with substrate, and thereby is more limited by GSH concentration than enzyme availability. (3) There may be a significant amount of nonenzymatic GSH oxidation in the erythrocyte.
Our results do not clearly indicate which of the above mechanisms is applicable intracellularly. Nevertheless, we can conclude that the increased susceptibility of erythrocytes from neonates to oxidant drugs is probably not due to the relative deficiency of GSH-peroxidase activity in these cells.
